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Demonstration of x-ray lasing in nickel-like tin
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(Received 27 June 1995

We report the demonstration of x-ray lasing in nickel-like tin at 12 nm by using the prepulse technique in
combination with a curved target. A gain length of 4.8 was obtained with a 3-cm-long tdrfyehgadius of
curvature irradiated by the Asterix iodine laser at 1.3d56 with a total energy of 500 J and a 7.5% prepulse.

PACS numbgs): 42.60.By, 32.30.Rj, 52.50.Jm

Since the demonstration of high-gain soft-x-ray lasing in  The experiment was conducted at Max-Planck-Institut fu
neonlike seleniunf1,2], one of the main efforts of x-ray Quantenoptik on the Asterix IV iodine lasg22]. The laser
laser studies is to develop a small scale system operating beam from Asterix was focused by a cylindrical lens array
short wavelengths. Recently, a tabletop system was demoh23] to produce a line focus 150m wide and 3 cm long,
strated with a capillary discharge], in which lasing in yielding a 2x 103 W cm™? irradiation on the target surface
neonlike argon was observed. Using the tunneling ionizationvith a 450-pgfull width at half maximum(FWHM)], 500-J
method, a 10-Hz, 41.8-nm laser in palladiumlike xenon wasgpulse. To produce a defined prepulse, a setup similar to those
reported[4]. A demonstration of lasing in neonlike scan- of previous experimentsl8,19,4 was used, in which a pair
dium, calcium, potassium, and chlorifg] also showed the of 17.5X9 cm mirrors were inserted into the beam path be-
possibility of developing a small scale system with a ns-fore and after the final steering mirror, which deflects the
pulse drive system. However, all of these lasing lines are adpeam by 6°. The delay between the main pulse and the
rather long wavelengths in the xuv range. prepulse was set at 5.23 ns. The highest energy ratio of the

One of the efficient ways of producing lasing at shorterprepulse to the main pulse was 15.1%, reducible by inserting
wavelengths is provided by nickel-like ion®—9], with  calibrated filters between the pair of mirrors.
which lasing at 3.6 nm has been demonstrated in b0} The principal.diqgnostic_s was a time-integrated, spatially
Recently, lasing in many nickel-like lanthanide ions has beefi€Solved transmission grating spectrometer. It was coupled to
demonstrated by Daidetal. [11], and by Nilsen and @& thinned, bac_k5|de-|llun_1|nated charge-coupled device
Moreno[12]. In one of the experimenfd 1], lasing at wave- (CCD) [24]. Spatial resolution along the target normal was

lengths from 6 to 8 nm was obtained with a drive energy asorovided by a toroidal mirror with a 5g:im spatial resolution

low as 200 J. We note that it has been proposed to usilow-and a maghnification of 3. The acceptance angle of the mirror

nickel-like ions as a candidate for a tabletop sysf&8i, and was Igrger than 20 mr_ad. A 5000-Ii_ne§/mm transr_nission grat-
preliminary gain observation at 20.4 nm in nickel—l,ike nio- ing with & S0um slit dispersed the incident emission perpen-

: . dicularly to the spatially resolved direction. The grating has a
bium has been reportdd4]. It is clear that the demonstra- 4-um period support perpendicular to the grating bars, which

tion of gain in lowZ nickel-like ions may lead to significant  jigherses the incident emission along the spatial direction. A
progress in developing a small scale system operating at.,m.thick beryllium filter was used to improve the signal-
short wavelengths. This motivated us to investigate x-rayjg.noise ratio.
lasing in nickel-like tin. Both planar and curved targets were used. The planar
Nickel-like x-ray lasing in tin is in fact the first proposed targets are slabs 2.5 cm wide and 1.5 mm thick. Curved
nickel-like ion lasef6], and gain production in an imploding targets were prepared by gluing 1@@a tin foils on con-
gas puff was discussed in 1986]. Experimentally, it has cave spherical substrates. The radii of curvature used were
been previously investigated using an exploding foil targetR=2.5 and 1 m, corresponding to compensation angles of
[15], in which an indication of amplification on one of the 4 and 10 mrad/ cm, respectively.
J=0—1, 4d-4p transitions at 11.91 nm was reported. We  Figure 1 shows a spatially resolved spectrum for a 3-cm-
used two techniques in our experiment for gain demonstralong plasma column with aR=1 m tin target. The overall
tion. One is the prepulse technique, which has been succesgfraction compensation is 30 mrad. A total energy of 517 J
ful in producing lowZ neonlike laser$5,16—-19. The other and a 7.5% prepulse were used. A bright spot is clearly seen
is the use of curved targets, which has been proven to beear 12 nm, accompanied by the diffraction by the grating
efficient to enhance th6=0—1 laser in neonlike germa- support, which is barely seen. Due to the limited depth of
nium[20,21 and in nickel-like lanthanide io41,12. With  focus of the imaging optics, the target surface is not resolved.
these techniques, we observed x-ray lasing in nickel-like tinThe origin of the spatial axis is therefore set at the position
with a gain length of 4.8. of the continuum maximum. The spot near 12 nm seems to
be well focused, perhaps due to its smaller emission diver-
gence. One also sees the silidordge at 12.4 nm due to the
*Permanent address: Shanghai Institute of Optics and Fin&dead layer” of the CCD[24], and the berylliunK edge at
Mechanics, Academia Sinica, P.O. Box 800-211, Shanghai 20180d,1.2 nm due to the beryllium filter.
China. FAX:  0049-89-32905-200. Electronic  address: In Fig. 2@), we give a trace taken along the wavelength
yul@ipp-garching.mpg.de coordinate at the spatial maximum of the bright emission

1050-2947/96/5@)/6523)/$06.00 53 R652 © 1996 The American Physical Society



53 DEMONSTRATION OF X-RAY LASING IN NICKEL-LIKE TIN R653

Be K edge Si L edge

B

g 0.6 B I v 1 b 1 o I* i 1 +' 1 L 1 " ]
8 04r 0
§ 02f \ d
g 00F i
< -02F |
- C 1 1 1 L 1 i 1 1 1 " 1 1 1 VL
(% 9 10 11 12 13 14

Wavelength (nm)
FIG. 1. Spatially resolved spectrum for =1 m, 3-cm target. A total energy of 517 J and a 7.5% prepulse were used. A bright spot is
clearly seen near 12 nm, accompanied by the diffraction by the grating support, which is barely seen. The origin of the spatial axis is set at
the continuum maximum. One also sees the silicoedge and the berylliurk edge.

near 12 nm from Fig. 1. The bright emission is seen to domi- Figure 2b) gives the traces taken along the spatial coor-
nate the spectrunin situ calibrated with line emissions from dinate for the 11.96-nm emission, and a background close to
H-, He- and Li-like fluorine, its wavelength was determinedit from Fig. 1. Although the diffraction by the supporting
to be 11.96:0.05 nm. This coincides with the empirically structure influences the spatial profile, we can still see that
determined 11.98 nnj25] and measured 11.91 nfl5] the 11.96-nm emission has a much narrower spatial profile
wavelength of the 834d;/-3ds54p3, J=0—1 transi- than the continuum background with a width of about.80

tion in nickel-like tin. It is the longer-wavelength partner of FWHM.

the pair of J=0—1 transitions that dominates in elements Both the very localized emission and the high spectral
with Z lower than 70[7,10-13, and disappears in tungsten brightness of the 11.96-nm line suggested lasing, which was
and gold[9,10]. The shorter-wavelength partner, predicted toevidenced by the nonlinear increase of the output intensity
be at 11.5 nnj25], which dominates in ytterbium, tantalum, with the increasing target length. In Fig. 3, the output inten-
tungsten, and gold, is not observed, in agreement with theity of the 11.96-nm line at its spatial maximum is shown as

tendency observed in Refidll] and[12]. a function of the target length for planar aR&=2.5 m tar-
gets. The data were obtained with a total energy ofZ520
2000 ———7T——7T———T——T1——T— J and a 7.5% prepulse. A fit to the formula of Linfoetal.
L (a) [26] gives gains of 0.80.5 and 1.3 0.3 cm ! for the pla-
1500 L SiL edge nar andR=2.5 m targets. For thB=1 m target we were not
Lf Be K edge able to measure the gain due to the lack of data at different
§ 1000 target lengths. However, a small signal gain of 1.6
= I +0.5 cm! could be deduced if a self-emissivity for the
2 lasing emission similar to the planar aRd=2.5 m targets
g 500 |- was assumed. With a 3-cm-long target, this result in a gain
! length of 4.8.
0 Ly In our experiment, it was found that the use of the
8 9 10 M1 12 13 14 prepulse and the curved target is essential for the demonstra-
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FIG. 2. (a) Trace taken along the wavelength at the maximum of Target length (cm)

the emission near 12 nm from Fig. (b) a trace along the spatial FIG. 3. Output intensity of the 11.96-nm line as a function of the
coordinate at the near 12-nm emission and a background trace clotgrget length for planar ari@=2.5 m targets. A total drive energy of

to it from Fig. 1. For the trace of the 12-nm line, the small peaks at500+20 J and a 7.5% prepulse were used. Curves are best fits to the
both sides are the: first-order diffraction pattern due to the grating formula of Linford et al. [24], which give the gain coefficients
support. shown.
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planar target, only when the prepulse was used could we séeg in low-Z elements, a prepulse or multipulse irradiation
the 11.96-nm line. The condition given above, i.e., a totalscheme in conjunction with a curved target is important.
energy of 50&20 J with a 7.5% prepulse, optimized the In conclusion we have demonstrated x-ray lasing in
output. Under this condition, the use of &-2.5 m target hickel-like tin at a wavelength of 11.96 nm. This finding
increases the intensity of the 11.96-nm line by a factordemonstrates the possibility, as well as an efficient method of
greater than 2 compared to a planar target; the use of tHxtending nickel-like ion lasing to low- elements, which
R=1 m target increases the intensity by another factor off@y need only low drive power, and therefore contributes
about 2 if we convert the intensity of the 3-cm-long plasmaSignificantly to progress towards a small scale system oper-
column to a 2.5-cm target by a gain of 1.6 tn ating in the real soft-x-ray region.

In connection with our results, it is interesting to review  The authors would like to thank the Asterix facilities crew
some of the previous experiments. First of all, although thefor providing support for the experiments. Profitable discus-
exploding foil targef2] was initially designed for avoiding sions with H. Daido, P. Hagelstein, and J. Nilsen are grate-
the refraction loss of the laser beam, it was only after thefully acknowledged. Y. Li and P. Lu were supported by the
application of the prepulse techniqi#6—19 and curved Alexander von Humboldt Foundation. Y. Li was also partly
target[20,21] has one seen the long missidg0—1 line in  supported under the agreement between Max Planck Society
a neonlike ion dominate. Furthermore, the nickel-like eu-and Academia Sinica, he thanks Dr. S. Witkowski and his
ropium laser worked much better with a curved slab irradi-colleagues at MPQ for their hospitality. G. Pretzler was sup-
ated by series of puls¢41] than with a foil target irradiated ported by the EU Program “HCM.” This work was sup-
with a single pulsg7]. A similar phenomenon can also be ported in part by the Commission of the European Commu-
seen for tin if we compare the result of REL5] with ours.  nities in the framework of the Association Euratom/Max-
Obviously, for the demonstration of high gain nickel-like las- Planck-Institut fu Plasmaphysik.

[1] D. L. Matthews, P. L. Hagelstein, M. D. Rosen, M. J. Eckart, [13] P. L. Hagelstein, ifProceedings of the OSA Meeting on Short
N. M. Ceglio, A. U. Hazi, H. Medecki, B. J. MacGowan, J. E. Wavelength Coherent Radiation: Generation and Applications
Trebes, B. L. Whitten, E. M. Campbell, C. W. Hatcher, A. M. edited by R. W. Facone and J. KirOptical Society of
Hawryluk, R. L. Kaufman, L. D. Pleasance, G. Rambach, J. H.  America, Washington, DC, 1988p. 28.

Scofield, G. Stone, and T. A. Weaver, Phys. Rev. L54f.110 [14] S. Basu, P. L. Hagelstein, J. G. Goodberlet, M. H. Muendel,

(1985. and S. Kaushik, Appl. Phys. B7, 303(1993.
[2] M. D. Rosen, P. L. Hagelstein, D. L. Matthews, E. M. [15] G. D. Enright, J. Dunn, D. M. Villeneuve, S. Maxon, H. A.
Campell, A. U. Hazi, B. L. Whitten, B. J. MacGowan, R. E. Baldis, A. L. Osterheld, B. La Fountaine, J. C. Kieffer, M.

Turner, and R. W. Lee, Phys. Rev. Lef, 106 (185). Nantel, and H. Agin, X-Ray Lasers 1992Zdited by E. E. Fill

[3] J. J. Rocca, V. Shlyapstev, F. Tomasel, O. D. Cortazar, D. Hart- (Inst_itute of Physics, Bristol, 1993p. 45_'
shorn, and J. L. A. Chilla, Phys. Rev. LeR@, 2192(1994. [16] J. Nilsen, B. J. MacGowan, L. B. Da Silva, and J. C. Moreno,

. Phys. Rev. A48, 4682(1993.
[4] 2' E hzr;]ric;ﬁ’Pcl;q.y\sﬂ :Z\l/cl_-e;firsd;lln(,lgléac- P. J. Barty, and [17] J. Nilsen, J. C. Moreno, B. J. MacGowan, and J. A. Koch,

: | o Phve. Rev. B R3433(199 Appl. Phys. B57, 309 (1993.
[5] Y. Li, G. Pretzler, E. E. Fill, Phys. Rev. B2 (1995. [18] E. E. Fill, Y. Li, D. Schlgl, J. Steingruber, and J. Nilsen, Opt.

[6] S. Maxon, P. Hagelstein, K. Reed, and J. Scofield, J. Appl. Lett. 20, 374 (1995.
Phys.57, 971(1983. , [19] Y. Li, G. Pretzler, and E. E. Fill, Opt. LetR0, 1026(1995.

[7] B. J. MacGowan, S. Maxon, P. L. Hagelstein, C. J. Keane, R{20] R. Kodama, D. Neely, Y. Kato, H. Daido, K. Murai, G. Yuan,
A. London, D. L. Matthews, M. D. Rosen, J. H. Scofield, and A. MacPhee, and C. L. Lewis, Phys. Rev. Lef8, 3215

D. A. Whelan, Phys. Rev. Letg9, 2157(1987). (19949.

(8] B. M. MacGowan, S. Maxon, C. J. Keane, R. A. London, D. L. [21] H. Daido, R. Kodama, K. Murai, G. Yuan, M. Takagi, Y. Kato,
Matthews, and D. A. Whelan, J. Opt. Soc. Am. 3 1858 I. W. Choi, and C. H. Nam, Opt. LetR0, 61 (1995.
(1988. [22] H. Baumhacker, G. Brederlow, E. E. Fill, Ch. Sctiter, R.

[9] B. J. MacGowan, S. Maxon, L. B. Da Silva, D. J. Fields, C. J. \Volk, S. Witkowski, and K. J. Witte, Laser Part Beartls 353
Keane, D. L. Matthews, A. L. Osterheld, J. H. Scofield, G. M. (1993.
Shimkaveg, and J. F. Stone, Phys. Rev. L&%.420(1990. [23] W. Chen, S. Wang, C. Mao, B. Chen, and A. Xu,, 1890
[10] B. J. MacGowan, L. B. Da Silva, D. J. Fields, C. J. Keane, K. Conference on Laser and Electro-Optidechnical Digest Se-
A. Koch, R. A. London, D. L. Matthews, S. Maxon, S. ries Vol. 7 (Optical Society of America, Washington, DC,
Mrowka, A. L. Osterheld, J. H. Scofield, G. M. Shimkaveg, J. 1990, p. 282.
E. Trebes, and R. S. Walling, Phys. Fluids4B2326(1992. [24] Y. Li, G. D. Tsakiris, and R. Sigel, Rev. Sci. Instru®6, 80

[11] H. Daido, Y. Kato, K. Murai, S. Ninomiya, R. Kodama, G. (1995.
Yuan, Y. Oshikane, M. Takagi, H. Takabe, and F. Koike, Phys.[25] J. H. Scofield and B. J. MacGowan, Phys. 2&.361(1992.
Rev. Lett.75, 1074(1995. [26] G. J. Linford, E. R. Peressini, W. R. Sooy, and M. L. Spaeth,

[12] J. Nilsen and J. C. Moreno, Opt. LeR0, 1386(1995. Appl. Opt. 13, 379(1974.



